Abstract-This paper reports the parameters that affect the fabrication of Flat Fibers, including preform size and doping, furnace temperature, preform feed speed, fiber drawing speed, fiber dimension, fiber quality and shape, vacuum pressure and core dimension. The feed and draw speed generally follows the simplified mass conservation law to draw the fiber to a specific dimension. The preform wall thickness affects the vacuum pressure and furnace temperature that is needed to 'flatten' the fiber. The preform wall thickness is directly proportional to the volume of glass inside the neck-down region. The wall thickness of the preform and its dopant will also affect the size of the cladding and core dimension. Finally, some issues associated with the fabrication of Flat Fibers are also observed and discussed, 
INTRODUCTION
Flat Fibers are a new generation of optical fibers that aim to combine the structural advantages of optical fibers and the functional benefits of planar devices. The ribbon-like planar samples, with its extended length and flexibility, can be used to develop multiple functional optical components such as splitters, couplers and multiplexers. These components are commonly built on rigid planar substrates such as silicon wafers and incur unwanted loss when being pigtailed to optical fibers.
Previous research work done on Flat Fiber substrates includes demonstration of a lx3 multimode interference splitter device using a precision micromachining approach [1] . Direct UV writing technology on Flat Fiber substrates also allows the writing of waveguide channels [2] , fabrication of Bragg gratings [2] and evanescent field sensor [3] .
In direct UV writing, pre-designed waveguide structures or channels are written by translating a photosensitive sample beneath a focused laser beam [2] . This induces a permanent refractive index change. In a silica host, one of the dopant that is widely used for photosensitivity is germanium. Increased germaniwn content provides higher UV absorption compared to a standard germanosilicate fiber [4] . However, with higher germaniwn content, the core-cladding refractive index difference, Lin will be higher as germanium is a standard refractive index raiser in silica [4] . Thus, one method to increase the photosensitivity while maintaining a constant Lin is to co-dope the fiber with boron, a dopant which decreases the refractive index of the core [4] . It has been reported that the fiber co-doped with both boron and germanium shows a higher photosensitive response when compared to the fiber doped with germaniwn only [4] . Due to this, the fiber preform dopant chosen in this work is boron and germaniwn.
II.

F ABRICA TION AND DEVELOPMENT OF FLAT FIBER
A. Fabrication of the Flat Fiber
The Flat Fiber is fabricated using a conventional 5 m fiber drawing tower located at the Flat Fibre Laboratory, Department of Electrical Engineering, University of Malaya, Malaysia. Unlike normal optical fiber preform that resembles a solid rod, the Flat Fiber preform is a hollow silica tube that contains the core and cladding deposited layers. In this work, the preform used is a commercially available uncollapsed silica tube that is co-doped with boron and germanium. The preform dimensions and other experiment parameters are shown in Table 1 .
The heating furnace is initially set to a temperature of 2100 °c, which is within silica's melting temperature. Once the temperature of the furnace reaches silica's melting temperature, the preform starts to drop. In this experiment, it can be observed that the shape of the initial fiber drop reduces gradually and the neck-down region is measured as 4 cm, which indicates a good neck-down region. Fiber cane is then pulled from the furnace. Once the drawing process has stabilized and the required fiber cane dimension is achieved, vacuwn pressure is turned on. When vacuum pressure is applied inside the hollow preform, the air inside the hollow preform is sucked out. This creates a region of low pressure inside the hollow preform when compared to the atmospheric pressure outside the preform. Inside the neck-down region, fiber that is pulled down becomes collapsed or flattened due to this low pressure. The Flat Fiber, which has a planar profile or cross section, is then produced. A novel two-stage drawing is performed during the fabrication process in order to achieve a more uniform and reliable drawing. In this two-stage drawing, the fiber is first drawn to a larger dimension before being drawn for the second time to the desired dimension.
B. Parameters Affecting the Fabrication
The parameters affecting the fabrication of the Flat Fiber are shown in Fig. 1 and numbered from (1) to (7). The parameters are vacuum pressure, preform size and dopant, feed speed, furnace temperature, fiber drawing speed, fiber dimension, fiber quality, shape and tension, and core dimension.
The feed and draw speed stated in Table 1 follows the simplified mass conservation law to draw the fiber to a specific dimension. The mass conservation law states that:
where Vjeed is the feed speed of the preform, Vdraw is the drawing speed of the fiber pulled, Dfiber is the desired diameter of the fiber and Dprejorm is the diameter of the preform. During the fabrication process, at any time when the draw speed is increased, the feed speed and the furnace temperature should also be increased accordingly to ensure a desired fiber tension.
The furnace temperature will affect the [mal Flat Fiber shape and it depends on the dopant used in the preform. For a Flat Fiber fabricated using an undoped silica hollow tube with an outer diameter of 25 mm and a wall thickness of 3 mm, a temperature of 2100 °c has been used to produce a Flat Fiber sample shown in Fig. 2 . The boron and germanium doped preform requires a lower temperature than 2100 °c to avoid excessive collapse of the fiber.
The furnace temperature and vacuum pressure are also dependent on the wall thickness of the preform, which in turn is directly proportional to the volume of the preform in the neck-down region. A large wall thickness such as 3 mm indicates more volume of glass to be pulled and requires a higher temperature when the draw speed is higher. In addition, a large wall thickness indicates less vacuum pressure is needed to collapse the fiber. It should be noted that the furnace hot zone length is 3.4 cm.
The wall thickness of the preform and its dopant material will also affect the size of the core dimension. The dopant thickness is proportional to the width of the core layer. For film waveguide, typical core thickness used is 2. 5 f.!m and for silica waveguides, typical core sizes are 4. 5 f.!m -8 f.!m [5] . Fig. 3 shows a microscope image (with light guiding through the fiber) of a boron and germanium co-doped Flat Fiber with a dimension of 290 /lm X 40 /lm. The core dimension of the Flat Fiber is approximately measured as 220 /lm X 2 /lm. Fig.  4 shows the FESEM image of boron and gennaniwn co-doped Flat Fiber with a dimension of 320 /lm X 32 /lm and a core length of 250 /lm.
For direct UV writing purposes, the top cladding of the Flat Fiber can be polished using a polishing jig to become as flat as possible. Waveguide channels and Bragg gratings can then be written directly on to the exposed photosensitive core using a UV laser source. Future work will be done to investigate the suitability of the Flat Fiber fabricated in this work for direct UV writing purposes as the core thickness observed is thinner than the typical core thickness of 5-10 /lm.
C. Fabrication Issues
One of the main challenges in the fabrication of Flat Fibers is the ability to control the fiber deformations. During experimental runs done in the Flat Fiber Lab, University of Malaya, Malaysia, the types of Flat Fiber deformations that can occur during the drawing process are brittle fiber, non unifonn fiber dimension, surface defects on the fiber, excessive collapse of the fiber, holes in the Flat Fiber and deformed Flat Fiber. Some of these are seen in Fig. 5 .
In this work, a good Flat Fiber shape and dimension should be suitable for direct UV writing purposes and an example of a good shape is shown in Fig. 2 . Another common problem faced is the twisting of the Flat Fiber, where rough measurement shows that the minimum twisting normally occurs every 50 cm. The twisting effect causes non-uniform fiber dimension in long lengths of fiber pulled. However, this is not a significant problem if the Flat Fibers are used for direct UV writing purposes as only very small lengths (around 5-10 cm) of fiber samples are needed.
The deformations in the Flat Fiber occur due to a number of reasons including unsuitable furnace temperature, unsuitable vacuum pressure, unsuitable combination of draw speed and feed speed, defects in preform and sealing issues for the vacuum pressure. The ability to control and prevent the fiber deformations allows us to produce, on a repeatable basis, good quality Flat Fiber samples.
It has been found that for boron and gennanium co-doped Flat Fiber, the furnace temperature and vacuum pressure should be maintained low. However, a vacuum pressure that is too low will create unwanted airholes in the Flat Fiber. Thus, fmding a suitable 'recipe' (balance of furnace temperature and vacuum pressure) is important in the fabrication of the Flat Fiber with a larger core layer. Preliminary optical characterization was perfonned to assess the light guiding capabilities of the Flat Fiber fabricated. Using a basic experimental setup which consists of a white light source and several optical spectrum analyzers covering a range of 350 to 2400 nm, light is transmitted into the Flat Fiber sample using free space coupling. The spectrum obtained is shown in Fig. 6 . It can be observed that the Flat Fiber sample supports all the bands.
IV. CONCLUSION AND FUTURE WORK
In conclusion, this paper reports the successful fabrication of a Flat Fiber sample with a photosensitive core layer. Preliminary optical characterization performed shows that the Flat Fiber sample can support all bands. Future work includes more detailed optical, mechanical and transmISSIOn characterization on the Flat Fiber sample. Optical characterization includes detennining the refractive indices of the sample. For mechanical characterization, the fiber strength, stress and bending loss will be investigated. Transmission characterization will investigate the loss and mode confmement of the sample. In addition, the Flat Fiber sample can be used to write waveguide channels or gratings and further works can be expanded from the samples with the written channels.
